Unit II: Free-fall and Projectile Motion

Aristotle
From the time of Aristotle (384-322 BC) until the late 1500's, gravity was believedto act differently on different
objects.

+  Thiswas based on Aristotle's observations of doing things like dropping a metal bar and a feather at the

same time. Which one hits the ground first?
o Obviously, common sense will tell you that the bar will hit first, while the feather slowly flutters
to the ground.

* In Aristotle’s opinion, this was because the bar wasbeing pulled harder {and faster) by gravity because
of its physical property of having more mass.

* Because everyone could see this when they dropped differentobjects, it wasn't questioned for almost
2000 years.

Galileo
Galileo Galilei was the first major scientistto refute (prove wrong) Aristotle’s theories.

* Inhis famous (at least to Physicists!) experiment, Galileo supposedly went to the top of the leaning
tower of Pisa and dropped a wooden ball and a lead ball at the same time.
o Both were the same size, but different masses.

* Down below an assistant watched for them to hit the ground.
o They both hit the ground at the same time, even though Aristotle would say that the heavier
metal ball should hit first.

Galileo had shown that the differentrates at which some objects fall is due to air resistance, a type of friction.

*+  Get rid of friction (air resistance} and all objects will fall at the same rate.
*+ (alileo said that the acceleration of any object {in the absence of air resistance) is the same.

To this day we follow the model that Galileo created.
In the absence of air resistance, all objects fall at a constant acceleration, regardless of their mass.

This acceleration is called the acceleration due to gravity.

Acceleration Due to Gravity = |Eg| =g =980m/s?

In any of the questions we will do, we must assume that the entire problem happens near the surface of the
Earth. We willlearn in a later unit that the acceleration due to gravity does decrease as you move further away

from the centre of the earth. The magnitude of g also changes on different celestial bodies.

Since gravity is just an acceleration like any other, it can be used in any of the formulas that we have used so far.
Just be careful about using the correct sign (positive or negative) for the variables in the problem. | strongly
suggest that you stick with up being positive and down being negative.




+ displacement

-displacement

- gravity
Ex. A ball is thrown up into the air with an initial velocity of 26.3 m/s. Determine its velocity after 1.80 s have
passed.
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Ex. | throw a ball down from the top of a cliff so that it leaves my hand moving at 12 m/s. Detemine how fast it
is gpoing 3.47 s later.
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Ex. Ajackalope jumps up into the air. As he leavesthe ground he is travellingat 16.0 m/s. How fast is he going
after 2.8 s?
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Throwing an Object Up Into the Air
There are a few rulesthat you have to keeptrack of. Let's look at the way an object thrown up into the air

mowves.

Going up...
1) Itstarts at the bottom at the maximum speed.
2) Asitrises, itslows down because gravity is a negative acceleration.
3) Itreaches its maximum height, where for a moment its instantaneous velocityis zero. This is exactly

half ways through the flighttime if itis landing at the same height it was thrown.

Coming down...

1) The ball begins to speed up, but downwards. Because gravity is negative, the velocity of the object
increases in the negative direction.

2] When itreaches the same height that it started from (like the ground, or the person's hand), it will be
going at the same speed down as it was originally moving up at. The only difference isthat this velocity
is negative because it is pointing down.

3) It takes just as much time to come down as it did to go up ifitis landing at the same height it was
thrown.

Applyingthese rules might seem complicated, but since they stay the same all the time you can get used to the

problems by just practicing them over and over again.
Ex. | throw my ball up (again) at a velocity of 12 m/s.

a) Determine how much time it takes to reach its maximum height.
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b) Find how high the ball goes.
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c) Determine how fast itis going when it reaches my hand again.
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Gee’s

You might have heard people flyingfighter jets or rockets in movies say how many “gee’s” they were feeling. All

IV =

this means is that they are comparing the acceleration they are feelingto regular gravity.

So, right now just sitting in a chair, you are experiencing 1 gee - regular gravity. This means that you are

experiencing one times the acceleration of gravity. One times9.80 m/s’is equal to 9.80 m/s".

During lift-off the astronauts in the space shuttle experience about 4 gee's. That works out to about 4 x 9.80 =
39 m/s"

Ex. Acceleration due to gravity on the moon is 1.67 m/s’. Determine how many gee’sthis is.
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Ex. A space probe sent to one of Jupiter's moons, Callisto, is taking pictures with a digital camera that records
one picture everytenth of a second (measured to a precision of three sig digs). While doing this, a small screw
falls off a part of the probe right in front of the camera and can be seento start falling past the camera as it
takes the pictures. Over a series of six pictures, the screw can be seen to fall 15.7 cm starting from rest.

Determine how many gee's there are on this moon.



Projectiles Launched Horizontally
A projectile is any object which is thrown or otherwise projected into the air. Again, we assume that the effects
of air resistance are negligible forthe problems we deal with.

The study of projectile motion brings together a lot of what you have learned in the past few sections. You need
to know about gravity, velocity, acceleration, and vector components to be able to fully understand (and figure
out) these questions. Don't worry, though. Even with all that stuff to keeptrack of, learning how to do these
guestions and understand what is happening a little bit at a time makes it all manageable.

Wile E. Coyote

I'm sure you have seen the cartoon where the Coyote ischasing after the
Road Runner and runs off of the cliff. He hangs in midair for a second,
looks down, and then starts to fall. The questionis how true is this, and
how many people believeitis true?

A few years ago some researchers in the U.S. went to elementary schools,
junior and senior high schools, and universities and asked them to look at

the following:

"lgnoring air resistance, which of the following correctly shows what an
object would do if it rolled off o cliff "

The correct answer is actually number 3, and if you think about it using the physics you've studied it makes

Sense.

Let's say a coyote does run off a cliff. As he leaves the cliff he has a horizontal velocity. From studying forces
and acceleration you already know that the only way to change that horizontal velocity (cause a horizontal
acceleration) is to exert a horizontal force on the coyote.

If we are ignoring air resistance (which is a very good ideasince it will be practically zero), then there is no
horizontal force to cause a horizontal acceleration. Since there is no horizontal acceleration, the coyote will
travel horizontally at the same speedthe whole time!

That doesn't tell us anything about what is happening vertically, which is completely separate from what the
objectis doing horizontally.




As soon as the coyote leaves the cliff he will experience a vertical force due to gravity. This force will cause him
to start to accelerate in the vertical direction. As he falls he will be going faster and faster in the vertical
direction.

Looking at this problem as what is happening horizontally and vertically, you should get the idea that this is just
like the components of vectors that we were just working on a couple of lessons back.

The horizontal and vertical components of the motion of an object going off a cliff are separate from each other,
and cannot affect each other. In a lot of books you will see the horizontal component called x and the vertical
component called y.

Mustration 2: Components as a ball rolls off a cliff.
The x-component is there from the start, and stays the same the entire time.
The y-component doesn’t even existat the beginning, but grows bigger as the object falls.

The shape of the path that it followsis actually a parabola. If you've studied those in math class, great! Don't
worry about it if you haven't, just as long as you recognize the shape and know the name.

To understand how to actually figure out questions involving these situations, it's probably best to look at an
example. Keepin mind the characteristics of the object as it falls while you go through the example. When you
are doing a part of a question that has to do with vertical movement “THINK VERTICAL" and only use vertical
ideas (like gravity). When you are doing a part of a question that has to do with horizontal movement "THINK
HORIZONTAL" and only use horizontal ideas (no gravity/acceleration).




Ex. |throw a ball offthe edge of a 15.0m tall cliff. | threw it hodzontally at 8.0 m/s.

a) Determine how much time it takes to fall.
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S c) Determine how fast itis movmg when ithits the ground.
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Although there will always be slightdifferencesin actual problems, this is the standard sort of question that you

will be asked for these types of problems.

|



Ex. A stuntman is to run across a rooftop and then jump over a5.00 m gap landing on the roof of the next
building. The building he is jumping from is 5.0 m higher than the next building. If the stuntman is running at
A.80 m/s will he make it? ﬁ -
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Summary:

* Horizontally, a projectile travels at a constant velocity.

+  Vertically, a projectile travels at the same rate as an object experiencing free-fall motion.

* To analyze projectile motion it is useful to consider the vertical (y) and horizontal (x) components of the
velocity and displacement separately.

* The horizontal motion of a projectile dependson the horizontal component of the initial velocity (v,.).

* The horizontal displacement (&x} of a projectile, relative to the ground, can be found using the
horizontal component of the velocity and the total flighttime (At). This displacement is called range.

+  The vertical motion of a projectile depends on the vertical component of the initial velocity and on the
acceleration due to gravity.

+  The vertical motion of a projectile can be determined with the equations for free-fall motion using
vertical components and the acceleration due to gravity.

Projectile Motion at an Angle

To do questions involving objects launched from the ground upwards at an angle (like kicking a football up into
the air and watching it as it arcs in the air and comes back down), you need to add a few more steps to the way
you did the questions for objects launched horizontally.

There are actually two ways to do these types of problems, one based on the vertical velocity of the object, the
other based on the vertical displacement.

The only big difference in these methods is how we are going to calculate the time that the object spends in the
air. Choose whichever method you are most comfortable with, and whichever one suits the particular question

you are doing. We will look at each and then it's up to you to figure out which way you will approach a problem.



Imagine for a moment that you are watching an object as it risesinto the air after you kick it upwards at an
angle. Look at lllustration 1 below as you read through this desaiption.

Mustration 1: Object launched at an angle.

When it leftyour foot, it was going at the fastest that it can possibly move during its flight. The instant it leaves
your foot, gravity is pullingdown on it, causing it to have less and less vertical velocity. Remember that there

will be no change in the horizontal component of its velocity.

When it reaches the highest point in its flight, it isn't moving up, and it isn"t moving down, for an instant of time.

Its vertical velocityis zero!

By the time it reaches the ground again, it will still be moving with its original horizontal velocity and will have
just as much vertical velocity as when it leftyour foot. It will have the exact same velocity as it leftyour foot
with.

We can use this information about its vertical movement to do some calculations. We know:

+ that there is gravity [—B.d]m,"sl} causing the acceleration on the object vertically.

+ the initial vertical velocity of the object.

+  the final vertical velocity of the object. We can evenuse this two ways, since we can say that the final
vertical velocity happens at the halfway point {zera m/s), or when it gets back to the ground (same as it

leftthe ground at)
t;}( This gives us enough information to calculate the maximum height of the flight, and the time it spends in the air.
After that, we can calculate just about anything.

Ex. You occey ball at an angle of 40° abavethegmundmghauelacuwofzum;s Determine:
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b) How much time does it spend in the air?
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d) What isthe ball s velocity when it hits the ground?
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Ex. A basketball player tries to make a half-court jump shot, releasing the ball at the same height as the basket.
Assuming the ball is launched 14 m from the basket at 51°, find the velocity the player must shoot the ball.
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